We considered the so-called Fanno flow as a model of flow through pneumatic pipe lines with a constant diameter. The flow is one dimensional, steady and adiabatic. The friction coefficient is constant. We succeeded to express the critical pressure ratio of the flow which is choking at the exit of the pipe line by three parameters, the pipe diameter, the pipe length and the friction coefficient. We compared the theoretically estimated critical pressure ratio to the experimental results. The results showed the good agreements except the case of the short pipe lines less than 10 cm. It was confirmed that our method of determination of the ratio was very useful for the flow calculation using ISO choke equation. With these studies we established the simulation program for the Fanno flow on MATLAB_Simulink and show that the program was easily applied to connected pipelines in series.
INTRODUCTION
It is the one of important problems in the designing pneumatic systems to estimate the pressure drop in pipe lines with losses. Ignoring the compressibility of the air, the estimation becomes simple but the accuracy is not enough for the flow of the large Mach number. The conventional analysis of the Fanno flow [1] , [2] , [3] , [4] is applicable for the air flow through the uniform adiabatic rigid pipe with losses. But it has the short-coming that the analytical solution to represent the pressure drop as a function of the mass flow rate is not available and so the numerical method is inevitable in the analysis.
In this paper we introduce the analytical forms of the approximate solutions for Fanno flow and present the simulation programs on MATLAB Simulink [5] for the steady, adiabatic, one dimensional pneumatic flow in uniform pipes with losses.
BASIC EQUATIONS
Generally, the basic equations for a pneumatic pipe line are assigned as follows.
Four unknown p, T, v and are determined from these equations for given D, L, f and the boundary conditions.
APPROXIMATIONS FOR THE FANNO FLOW
The friction losses of the flow lead to the pressure drop and the velocity increase along the flow. When the Mach number M e at the exit of the pipe approaches to the unity, the choking of the flow occurs. The state variables and parameters on the pipe-line are specified as shown in Figure 1 . Integrating the basic equations as shown in the references, the loss coefficient K 12 and the pressure ratio between the state point 1 and 2 is expressed as the function of the Mach numbers as followings.
Define the approximate Mach number ratio (M 1 /M 2 ) a as shown in the following equation. Substituting the approximate Mach number ratio (M 1 /M 2 ) a and Eq. (7) into Eq. (5), the loss coefficient K 12 is expressed as follows. 
The sound speed at the state point 1 is given by the next. 
It was presented that the approximate mass flow rate of Fanno flow could be expressed in the analytical form from the given pressure at arbitral two cross sections.
CHOKED FLOW
When the flow is choked at the exit of the pipe, the loss coefficient K between the state point 1 and the exit is obtained from Eq. (1), substituting M e =1 to M 2 . 
SIMULATION PROGRAM ON MATLAB
Now, it became practicable to solve the unknown variables in the Fanno flow by the direct computation of the above mentioned equations under the given conditions. We adopted MATLAB as the one of the simulation tools to simulate the one dimensional steady flow with losses through adiabatic uniform pipes of finite lengths.
As the first step of the simulation, the parameters and the boundary conditions shown in Figure 7 have to be given. The next steps are creating blocks and subsystems to compute equations by making use of the Simulink as shown in Figure 8 . The left three ports in Figure 8 20) which is deduced from the fundamental equations for the Fanno flow [1] .
EXPERIMENTS AND SIMULATIONS
The flow rate of the choked flow is given by Eq. (21). (21)
The nondimensional flow rate q n is defined by Eq. (22). Figure 9 shows the theoretical curves and the marks of the experimental results [6] which were done at SMC Co. The factor f was chosen to fit the experimental results. The relation between the critical pressure ratio b and the ratio L/D is obtained by our simulation method and it is shown as the one solid line in Figure 10 .
Circle marks and asterisk marks are the estimated values of the critical pressure ratio which are based on the results of the numerical flow analysis [7] and the experimental results [6] done at SMC Co. respectively. 
CONCLUSION
It was confirmed that our simulation method was excellent enough to estimate the flow characteristics of pipe lines for designing pneumatic systems. Especially, it is practically useful that the critical pressure ratio b can be expressed by the loss coefficient of the pipe line and the simulation of flow for connected lines in series is straight-forward. 
